The shot-noise spectrum of a quantum dot p-type/intrinsic/n-type ͑p-i-n͒ junction is investigated theoretically. Without making the Markovian approximation, effect from the nonrelativistic cutoff frequency of the exciton decay may be revealed with the feature of super-Poissonian noise. To become practically observable in experiments, high quality quantum well or quantum dot arrays, which exhibit super-radiance, in a p-i-n junction is suggested to enhance the zero-frequency noise ͑Fano factor͒. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2730754͔ Spontaneous emission is one of the most basic concepts of quantum physics and can be traced back to such early works as that of Einstein in 1917.
Spontaneous emission is one of the most basic concepts of quantum physics and can be traced back to such early works as that of Einstein in 1917. 1 The radiative decay rate of a two-level atom ͑with energy difference ϳ 0 ͒ in free space can be easily obtained via Fermi's golden rule and is given by ␥ =2͚ q ͉D q ͉ 2 ␦͑ 0 − c͉q͉͒, where D q is the atomreservoir coupling strength. Its frequency counterpart is written as ⌬ = P ͐ dq͉D q ͉ 2 / ͑ 0 − c͉q͉͒, where P denotes the principal integral. To remove the divergent problem from the integration, one can, for example, include the concept of cutoff frequency to renormalize the frequency shift. 2 Turning to solid state systems, an exciton in a quantum dot ͑QD͒ can be viewed as a two-level system. Radiative properties of QD excitons, such as super-radiance 3 and Purcell effect, 4 have attracted great attention during the past two decades. Use of QD excitons for quantum gate operations have also been demonstrated experimentally. 5 With the advances of fabrication technologies, it is now possible to embed QDs inside a p-i-n structure, 6 such that the electron and hole can be injected separately from opposite sides. This allows one to examine the exciton dynamics in a QD via electrical currents. 7 Recently, the interest in measurements of shot noise in quantum transport has risen owing to the possibility of extracting valuable information not available in conventional dc transport experiments. 8 In this work, we present nonequilibrium calculations for the quantum noise properties of QD excitons. Especially, the exciton-photon interaction is treated with the inclusion of a Lorentzian cutoff. 9 Furthermore, the usual Markovian approximation ͑from Fermi's golden rule͒ 10 is not assumed as the master equation is derived. In this case, we obtain the current noise of QD excitons via the MacDonald formula 11 and find that the Fano factor ͑zero-frequency noise͒ may become super-Poissonian. In addition, the magnitude of the noise also depends on the introduced ͑nonrelativistic͒ cutoff frequency. This means that such a p-i-n junction may be used to test the old quantum electrodynamic ͑QED͒ phenomenon with a non-Markovian sense.
In our model, we consider a QD embedded in a p-i-n junction. The energy-band diagram is shown in Fig. 1 . Both the hole and electron reservoirs are assumed to be in thermal equilibrium. For the physical phenomena we are interested in, the Fermi level of the p͑n͒-side hole ͑electron͒ is slightly lower ͑higher͒ than the hole ͑electron͒ subband in the dot. After a hole is injected into the hole subband in the QD, the n-side electron can tunnel into the exciton level because of the Coulomb interaction between the electron and hole. Thus, we may introduce the following three dot states: ͉0͘ = ͉0,h͘, ͉ ↑ ͘ = ͉e , h͘, and ͉ ↓ ͘ = ͉0,0͘, where ͉0,h͘ means there is one hole in the QD, ͉e , h͘ is the exciton state, and ͉0,0͘ represents the ground state with no hole and electron in the QD. One might argue that one cannot neglect the state ͉e ,0͘ for real devices since the tunable variable is the applied voltage. This can be resolved by fabricating a thicker barrier on the electron side so that there is little chance for an electron to tunnel in advance. 7 The exciton-photon coupling is described by the interaction Hamiltonian
where
† denotes the photon creation operator, and D k represents the exciton-photon coupling strength. The introduced Lorentzian cutoff contains the nonrelativistic cutoff frequency B Ϸ c / a B , with a B as the effective Bohr radius of the exciton. 9 The coupling of the dot states to the electron and hole reservoirs is described by the standard tunnel Hamiltonian 
where c q and d q are the electron operators in the right and left reservoirs, respectively. V q and W q couple the channels q of the electron and hole reservoirs.
One can now write down the equation of motion for the reduced density operator,
where ⌶ ͑tЈ͒ is the total density operator. Note that the trace in Eq. ͑3͒ is taken with respect to both photon and electronic reservoirs. If the couplings to the electron and hole reservoirs are weak, it is reasonable to assume that the standard BornMarkov approximation with respect to these couplings is valid. In this case, multiplying Eq. ͑3͒ by n ↑ and n ↓ , the equations of motions can be written as
↓ ͒, and = 0 = ↑ − ↓ is the energy gap of the QD exciton. Here, A͑t − tЈ͒ϵC͑t − tЈ͒ + C * ͑t − tЈ͒ can be viewed as the photon correlation function with the function C defined as C͑t − tЈ͒ϵ͗X t X t 0 † ͘ 0 . The appearance of the two-time correlation is attributed to that in the derivation of Eq. ͑4͒; we only assume the Born approximation to the photon reservoir, i.e., the Markovian one is not made. One can now define the Laplace transformation for real z,
and transform the whole equations of motion into z space, and solve them algebraically. The tunnel current from the hole-side barrier,
can in principle be obtained by performing the inverse Laplace transformation. Depending on the complexity of the correlation function C͑t − tЈ͒ in the time domain, this can be a formidable task which can, however, be avoided if one directly seeks the quantum noise. In a quantum conductor in nonequilibrium, electronic current noise originates from the dynamical fluctuations of the current around its average ͗I͘. The shot-noise spectrum S I R can actually be calculated via the MacDonald formula 11, 12 S I R ͑͒ = 2e
where ͑d / dt͒͗n 2 ͑t͒͘ = ͚ n n 2 P n ͑t͒ with P n ͑t͒ being the total probability of finding n electrons in the collector by time t. With the help of counting statistics, 12 one can obtain
͑8͒
where A͑z͒ϵC ͑z͒ + C * ͑z͒. The shot-noise spectrum of QD excitons is numerically displayed in Fig. 2 , where the tunneling rates, ⌫ L and ⌫ R , are assumed to be equal to 0.01 0 and 0.1 0 , respectively. The Fano factor ͓F ϵ S I R ͑ =0͒ /2e͗I͔͘ is sub-Poissonian ͑black line͒ under the Markovian approximation, while it may become super-Poissonian ͑as shown by the blue and red lines͒ without making the Markovian approximation. To explain this, one should seek for the analytical solution at zero frequency:
where ␥ is the decay rate of a QD exciton under the Markovian approximation. As can be seen, the first two terms in Eq. ͑9͒ are the original Markovian results. The third term is indeed from the non-Markovian part, i.e., the photon correlation function A͑z͒. The underlying physical picture may be similar to a recent work by Djurica et al. 13 They considered the tunneling problem through a QD connected coherently to a nearby single-level dot, which is not connected to the left and right leads. In this case, the coherent hopping to the nearby dot also gives an extra "positive" term to the Fano factor. The explanation is that the coming electron can either tunnel out of the original dot directly or travel to the nearby dot and come back again. This indirect path is the origin of the superPoissonian noise. In our case, as the exciton recombines and emits a photon, the weak non-Markovian effect from the photon reservoir may reexcite it now and then. This memory effect causes an enhancement to the Fano factor.
Another interesting feature is that the magnitude of the Fano factor also depends on the cutoff frequency B . With the increasing of B , the Fano factor becomes larger ͑the red line͒. This phenomenon allows one to test the cutoff frequency in QED. However, one might argue that the value of the super-Poissonian noise is extremely small and may not be observable in real experiments. To overcome this obstacle, we suggest to make use of the property of collective decay ͑super-radiance͒.
14 For example, one can, instead of the QD, insert a quantum well ͑QW͒ into the p-i-n junction. The QW exciton had been demonstrated to exhibit superradiance phenomenon with an enhanced factor of ͑ / d͒ 2 , where and d represent the wavelength of the emitted photon and lattice constant of the material, respectively. In other words, one can say that the effective dipole moment of the QW exciton is enhanced by a factor of ͑ / d͒ 2 . 15 Let us consider the real experimental values, 16 the observed enhancement is around several hundred times the lone exciton. We thus plot the Fano factor in the inset of Fig. 2 . As can be seen, the value of the super-Poissonian noise is greatly enhanced by super-radiance. This gives a better chance to observe the mentioned effect. Another possible candidate for the enhancement is the uniform QD arrays. 17 Within the collective decay area defined by 2 , the effective dipole moment may also be enhanced by a factor of ͑ / r͒ 2 , where r is the dot-lattice constant.
In summary, we have derived the nonequilibrium current noise of QD excitons incorporated in a p-i-n junction. Without making the Markovian approximation, it is found that the Fano factor may become super-Poissonian. Together with the super-radiance phenomenon in QW or QDs, this feature may be used to verify the cutoff frequency in QED. 
